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SUMMARY

A novel coating to protect carbon-carbon composites (C-C)

from oxidation at temnperatures as high as 1600 0 -2000 0 C was inves-

tigated. The duplex coating consists of 1) an inner diffusion

barrier of carbon fiber reinforced iridium or rhodium and 2) an

outer layer of plasma sprayed lanthanum hafnate.

The diffusion barrier was produced by electrochemically

infiltrating noble metal into a specially prepared surface zone

of C-C to produce a CArbon Fiber Reinforced Internal Barrier

(CAFRIB). The CAFRIB configuration acts as a near total diffu-

sion block to both oxygen transport inward and carbon transport

outward. CAFRIB also serves to withstand the large stresses

resulting from the thermal expansion mismatch between C-C and the

coating.

Matrix carbon char was quantitatively removed from jurface

layers of two-dimensional C-C by oxidation at zontrolled tempera-

ture and oxygen pressure. Carbon fibers are not attacked by the

process. The resulting matrix-free woven fiber surface layer,

typically 30 micrometers in depth, served as host for the CAFRIB

layer.

Efforts to prepare iridium-infiltrated CAFRIB by electro-

deposition of metal into the matrix-free layer were only partial-

ly successful. Iridium deposited from a itiolten salt bath pen-

etrated to about 10 micrometers. Iridium deposited from an

aqueous bath adequately penetrated the CAFRIB region but was

highly cracked.



Rhodium-infiltrated CAFRIB was successfully formed from an

aqueous electrolyte. Periodic current reversal techniques were

used during the electrodepcsition to fill the matrix-free layer

with rhodium.

Thermal cycling studies of rhodium C)FRIB to 1400 0 C and

1600 0 C indicate that the CAMflB layer exhibits greatly improved

coating adherence and crack resistance compared with rhodium

plated onto conventional C-C. However, due to the non-wetting of

carbon fibers by rhodium, the CAFRIB layer destabilizes internal-

ly at high temperatures when rhodium debonds from the fibers to

form tiny rhodium spheres. Carbon fiber surfaces need to be

modified so that they are wet by noble metals to ensure stability

of the CAFRIB configuration.

The outer ceramic coating minimizes erosion and vaporization

loss of the CAFRIB layer. Lanthanum hafnate of controlled poros-

ity was successfully deposited on both rhodium and iridium barri-

er layers by plasma spraying. A co-precipitated mixed oxide of

lanthanum and hafnium, used as the powder feed, reacted during

plasma spraying to form the desired lanthanum hafnate coating.
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1. INTRODUCTION

1.1 Background

Significant advances have been made during the last several

decades in the development of materials for hhgn tumperature

service in aerospace missions. Metal alloys, c--ramics and compo-
sites have each found a place in the varicus struc-tural and

engine components subject to high temperature oxidizing at-

mospheres. The desire to extend vehicle performance in both

military and civilian applications poses challenges considerably

beyond the capabilities of even the most advanced systems cur-

rently in use.

1.2 Composites for Very High Temperature Use

Only a limited number of materials are capable of surviving

an operating temperature of 2000 0 C in an oxidizing atmosphere.

several composites appear to possess the intrinsic strength-to-

weight ratio and high temperature stability to serve as structur-

al materials. These include carbon or refractory carbide fibers

in a carbon matrix, and several simple or mixed oxide fibers in

an oxide matrix. Carbon-carbon composites (C-C) have extensive

technological development, diverse manufacturing techniques and

potentially low cost.

Coatings for C-C are currently based on a complex series of

layers each of which is designed to fulfill a role in providing

overall protection. Oxidation protection is ultimately based on

a protective layer of Sio 2. However, Sio2 reacts with carbon and

carbides to form carbon monoxide and loses SiO species by vapori-

zation below the temperature required for improved engine opera-

tion. Even the most advanced coatings based on silica or refrac-



tory silicates will be unable to protect C-C at 1600-2000 0 C.

1.3 Ccating Requirements

In order to protect C-C composites at 1600-2000 0 C, a number

of features must be addressed which are also common to lower

temperature coating systems: 1) oxidation of the underlying

composite must be prevented, 2) the coating and substrate must be

chemically compatible so that degradation by interdiffusion does

not undermine the protective feature of the coating or structural

integrity of the substrate, 3) adherence to the substrate must be

maintained both isothermally and during thermal cycling, 4) the

coating must resist vaporization losses for extended periods of

time, and 5) the coating must have adequate mechanical proper-

ties.

1.4 The 20000C Problem

The list of materials which can serve as resistant coatings

narrows appreciably at 2000 0 C. Although a substantial number of

oxides, carbides, nitrides, sulfides and intermetallics have

melting points in excess of 20000 C, very few have the ability to

withstand high vaporization losses in air at that temperature.

Hafnium oxide, HfO2 , is especially suited to this task. The loss

in free evaporation of HfO2 is calculated from vapor pressure

data (1) to be 0.4 um in 1000 hrs at 1600 0 C, 2.4 um in 1000 hrs

at 1800°C and 6.3 um in 1000 hrs at 2000 0 C. It is reasonable,

then, to look toward HfO2 -based materials as the outer layer in a

coating system designed for extended performance at 20000 C.

The problem of thermal expansion mismatch of coating and

substrate is especially severe when one considers both that the

coefficient of thermal expansion of HfO2 is about nine times

2
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greater than that of C-C and that the coating must remain in

place from below 00 to 2000 0 C.

Another feature of great importance is that somewhere within

the coating system there must be a layer which will prevent

oxidation of the C-C composite. That is, there must be a barrier

to control the migration of oxygen inward and the diffusion of

carbon outward. While Hf0 2 is suitable as an outer layer coat-

ing, it has a significant concentration of mobile oxygen ion

vacancies at elevated temperature and is, therefore, unlikely to

adequately prevent oxygen access to the carbon substrate.

1.5 Hafnia-Based Coatings

The properties of several rare earth-hafnium oxide compounds

are extremely attractive and, as yet, largely unexplored. In

previous studies (2,3) Castle Technology investigated those rare

earth hafnates which have pyrochlore structures. Phase equilib-

ria for the rare earth subset La 2 0 3 , Pr 6Oll, Nd2 0 3, Sm2 0 3 , Gd2 03

*J and Tb 2 0 3 - HfO2 compounds based on the composition Ln 2 Hf 2 O7 were

I ,reported by Shevchenko et. al. (4,5). They were found to have a

pyrochlore structure and fairly wide ranges of homogeneity (62-72

m/o Hf0 2 ). The phase diagram of the La 2 0 3 -HfO 2 system is shown

in Figure 1.1.

The ordered pyrochlore compound is sta .e without phase

L change from room temperature to its melting point at about

SI 24000 C. Our studies have shown that the pyrochlore structure is

retained both after slow cooling and oil quenching from 1600 0 C

and that vaporization losses are extremely low in air at 1600 -

20000 C. The coefficient of thermal expansion of La 2 Hf 2O7 is

reported as 9 x 10- 6 /oC (6).
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Figure 1.1 Phase Diagram of HfO2 -La 2 O3 .

1.6. Diffusion Barrier Requirements

1.6.1 Barrier Materials

Since pyrochlore hafnates are not adequate barriers to

oxygen diffusion, and, in any case, would react with carbon to

form carbides, oxycarbides and carbon monoxide, it is necessary

to provide a diffusion barrier at the coating/carbon-carbon

interface.

Iridium and rhodium are the best known barriers to oxygen

penetration at very high temperatures. These metals also have

extremely 1:w soluibility of carbon and function as barriers to

4



the outward diffusion of carbon. The eutectic temperature in the

carbon-iridium system is reported to be 2296oC and in the rhodi-

um-carbon system to be 1694 0 C. These temperatures, therefore,

define the upper bounds of operation for iridium and rhodium

barrier layers. Since it has a higher temperature of operation,

iridium is the preferred barrier metal.

There are several probi.ems associated with the use of iridi-

um as a diffusion barrier: it is difficult to obtain a good bond

to the carbon substrate; vaporization losses in oxidizing at-

mospheres are unacceptable; and there is a large thermal expan-

sion mismatch between iridium and C-C.

1.6.2 Bonding to Carbon-Carbon Composites

Castle Technology has developed a method for electroplating

highly adherent, pore-free iridium coatings onto carbon from a

molten halide bath at 580 0 C (2). In a pull test an iridium-

plated graphite specimen failed at 1.600 psi parallel to the

iridium/graphite interface and within the graphite substrate

demonstrating that the interface was stronger than 1600 psi.

Therefore, molten salt deposition appears to be a satisfactory

method of bonding iridium to carbon.

1.6.3 Vaporization Losses

The unacceptably high rate of loss of iridium by volatile

oxide formation can be controlled by coating it WitiL a low vola-

tility oxide. A lanthanum hafnate coating of 50-150 um would

create a thick stagnant boundary layer which would greatly retard

the diffusion limited lces due to oxidative vaporization. In the

fiber glass industry, protective coatings of stabilized zirconia

are used to minimize the rate of platinum oxide evaporation.

5
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Studies at Battelle Pacific Northwest Laboratories have shown

that a porous coating of zirconia reduces the rate of iridium

oxide vaporization by at least an order of magnitude (7).

1.6.4 Thermal Expausion Mismatch

A significant technical problem associated with the use of

iridium as a coating on C-C is illustrated in Figure 1.2, which

graphically depicts the large difference in the coefficients of

thermal expansion (CTE) between the two materials.

A 1.4.

1.2] (1r)

* 1.0-
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-0.66

001000 100 2,•TEMPRATURE (1,C)

•:IFigure 1.2 Comparison of Linear Thermal Expansion of a C-C
S~composite with iridium. (Dashed lines represent a

! loading path subsequent to deposition at 5800C.)

•iThe CTE shown for C-C ';. an idealized curve which implies

Sthat the coefficient from room temperature to about 7000C has a

!! value of zero (actually it is slightly negative). Above 700 C,
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the average expansion coefficient is 2.3 x 10-6/ 0 C. This value

is an average because C-C composites are highly anisotropic. For

example, the thermal expansion of yarn bundles is negative along

the longitudinal axis, but positive in the transverse direction

(8). The CTE of the pyrolyzed carbon matrix is less than the

transverse expansion of the fiber, but positive and isotropic.

* Consequently, the finished composites are almost always micro-

cracked after fabrication. In comparison, the average CTE for

iridium over the temperature range room temperature - 1600 0 C is

about 8.7 x 10- 6 /°C.

If iridium is electroplated onto the surface of a C-C com-

posite at 575-5900 C, tensile stresses will develop on subsequent

cooling to rooci temperature as shown by the curve A-B in Figure

1.2. The resultant tensile strain imposed on the iridium coating

will be about 0.45%. Given that the modulus of elasticity of

iridium is about 500 GPA, this will impose a stress near the

yield point. Upon subsequent heating to 1600-20000 C, any tensile

cracks that develop in the coating will reclose above the origi-

nal deposition temperature and the coating will go into compres-

sion following the curve B-A-C. The induced stresses are now

sufficient to cause buckling but, since iridium exceeds its duc-

tile/brittle transition at 700C, it will become plastic and able

[ ~to accomodate the imposed strain. In fact, stress relaxation may

occur so that the coating follows the path C-D to match the C-C

substrate. This will impose an even greater tensile strain

(-1.2%) upon return to room temperature along path D-E, and

cracking may then occur.

7
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1.7 Castle Toohnology coating System

The Castle Technology Coating system for C-C for use at

temperatures as high as 1600-20000 C consists of: 1) an inner

, ~ diffusion barrier of carbon fiber reinforced iridium and 2) an

outer coating of plasma sprayed lanthanum hafnate.

"In order to accommodate the large tensile stresses, Castle

'1 Technology conceived the novel approach of infiltrating iridium

into the carbon fibers of a specially prepared surface ply of the1 iC-C composite. This CAarbon Reinforced Internal Diffusion Barri--

er, termed "C"FRIB", is illustrated in Figure 1.3.

~L1 I

Figure 1.3 Schematic Diagram of the CAFRIB Configuration.

Carbon fibers have a much higher strength than iridium and

the inducad stress resulting from thermal cycling is transferred

_J from the iridium matrix to the carbon fiber through the "shear

lag" concept of fiber reinforcement (9). This principle has been

widely demonstrated in continuous fiber reinforced metal matrix

composites. The more ductile, lower strength, matrix transfers

I '•: load thro~ugh rheological interaction at the matrix/fiber inter-

face, thereby allowing the higher strength fiber to carry the

f
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load. Two additional conditions are necessary to achieve com-

posite strengthening: 1) a sufficiently large length/diameter

aspect ratio for the fiber (normally the L/D has to be greater

than ten), and 2) the absence of chemical bonding at the inter-

face. Both of these conditions dre satisfied in an iridium

infiltrated carbon fiber coating.

At lower temperatures (e.g. <6000 C), iridium may act more

like a brittle material and the composite system will become more

like a fiber reinforced or ceramic matrix composite. These

brittle matrix composites have been shown to exhibit toughness if

the interface between fiber/matrix is not chemically bonded.

Cracks will deflect along the interface when the intel ace energy

is high relative to the surface energy (10), and the tractions

imposed by debonded fibers in the crack wake can be sufficient to

arrest the propagating crack (11,12). These effects prevent

microcracking in the coating that would lead to expojure of the

underlying carbon surface. The carbon reinforced iridium layer

remains adherent and is able to accommodate the stresses induced

by severe thermal cycling, thereby maintaining oxidation protec-

tion.

The behavior of lanthanum hafnate during thermal expansion

must also be considered. Since the CTEs of iridium (8.6xi0- 6/°C)

and lanthanum hafnate (-9x10O-/°C) are nearly identical, and

since the stress due to thermal mismatch with C-C is borne by the

carbon fibers in CAFRIB, the lanthanum hafnate outer layer should

not experience significant stress at the iridium/lanthanum haf-

nate interface.

9



2. * LAIM K'aI3TE OUTHR LLiY•R

2.1 Preparation of Powder Food

The lanthanum hafnate outer coating was applied by plasma

spraying. Powder feed for plasma spraying was prepared by co-

precipitation of hafnium and lanthanum salts from a stoichiomet-

tic solution. According to the Pourbaix diagrams (l1), hafnium

hydroxide will precipitate between a pH of 4 and 7, while lantha-

num hydroxide will precipitate between a pH of 6 and 10. There-

fore, as the pH in the La-Hf solution is increased by addition of

NH4 0H, Hf(OH) 4 will precipitate first, followed by La(OH) 3 . By

maintaining a low solids density and using rapid stirring, the

Hf(OH) 4 may precipitate .,;ed particles around which the La(OH) 3

will subsequently precipitate to form the stoichiometric fine

particulate mixed hydroxide.

The midpoint of the pyrochlore phase field was c1osen to

give maximum allowances for compositional errors. Hafnium chlo-

ride was obtained from Teledyne Wali Chang (Albany, OR) as the

sublimed, low-zircnnium grade and contained 0.12% zirconium.

Lanthanum nitrate was obtained from Unocal Molycorp (White

Plains, NY) and contained <1% cerium.

A flow chart for the preparation of powder is shown in

Figure 2.1.
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Figure 2.1 Flow chart for the preparation of lanthanum hafnate
powder precursor.

Co-precipitation was done using the following procedure:

1. Hafnium chloride and lanthanum nitrate solutions were
mixed together and diluted to 0.1M4 total me~.als.

2. A 2.5A solution of ammonia was added dropwise with rapid
stirring until a pH -10 was reached.

L3. A small amount of ethyl alcohol was added to the turbid
soiution which was then centrifuged at 3000 rpm for 20 min.
4. Liquid was decanted and the powder redispersNd in
ammonia-15v/o EtOH with a pH= 11. After centrifuging, the
liquid was decanted.

5. Two additional washes in amionia-EtOH were performed.

6. After the third wash, the solution was tested for

residual chloride ions. If the test was positifn for either

i.

powde precrso1
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I" ion, washing was repeated. Cleaned powder was dispersed in
EtOH and oven dried at 120 0 C fer 24 hrs.

ejwo variations in the next step were used:

7a. The powder was calcined for 8 hrs at 6500 C to convert to
the mixed oxides and fired at 110L'°C in air to form
lanthanum hafflate, or

"7b. The unreacted mixed oxides were dried at 250 0 C.

The X-ray diffraction pattern of powder from 7a. is shown in

Figure 2.2 and a comparison of two-theta values and intensity

with standard powder diffraction patterns is shown in Table 1.

.I 8427

0341

~ ~vI42515

I'•

2171

88
5.00 25.00 45.00 55.00 85.00 105.00

"2 THETA

Figure 2.2 X-ray diffr.ictometer tracing of calcined La 2 Hf 2 07

.1I
• ,.,12
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'M .. Table 1. X-ray Diffraction Pattern of Powder from 7a

28 Obs 28 Calc hkl Iob•o0 0 1calI00

29.2 29.2 11 100 100
33.6 33.2 200 34 40
48.1 47.8 220 49 65
56.9 56.7 311 45 55
59.7 59.4 222 11 16
70.2 69.8 400 7 10
77.5 77.2 331 16 25
79.9 79.6 420 14 22

* 89.3 89.0 511/311 12 18

No extraneous lines were observed in the spectrum and

differences between standard and observed line intensities are

attributed to preferred orientation. The fact that lanthanum

hafnate was the only phase present indicates that 11000 C is an

adequate temperature to fully react the co-precipitated oxides.

The product in 7b. was an amorphous stoichiometric mixture

of 2HfO2 -La 2 0 3 and did not yield a suitable x-ray pattern.

Material from 7a. was strongly sintered and vety hard to

grind. A small amount of ground sinter, the bulk of which was

extremely fine (<37 um), was prepared for plasma spray coating

studies.

By contrast, the product obtained in 7b. was an agglomerate

of micron sized particles that was easily comminuted into differ-

ent size fractions. Because of the ease in preparing powder feed

from this source, it was decided to study conditions to produce

lanthanum hafnate i•n 2tu during plasma spraying of the ur.reacted

co-precipitated powders.

13
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2.2 Plasma 8praying of Lanthanum Hafnate

2.2.1 Coating Mothodology

Lanthanum hafnate melts congruently and, therefore, can be

plasma sprayed without composition change. The parameters used

during plasma spraying greatly affect the microstructure of the

deposit. Coatings can be prepared which are either highly dense

or have significant microporosity built into their structure.

Although microporosity can subject the substrate to somewhat

higher fluxes of oxygen, the more open structure will aid in re-

"lieving stresses which occur during thermal cycling. In the case

where an inert iridium diffusion barrier layer acts as a total

* diffusion block, an outer coating of lanthanum hafnate with

controlled porosity may prove superior to a monolithic outer

coating.

Some sintering of porous coatings may occur during coating

exposure to temperatures in the 1600 - 2000 0 C range. Based on

our studies of sintering of lanthanum hafnate coupons, prolonged

* exposure at the higher end of the temperature range would be

required to significantly reduce coating porosity.

A series of hafnate coatings were plasma sprayed on alumina

substrates in order to investigate 1) the ability to use the

mixed oxide powder product obtained in 7b. to produce lanthanum

hafnate coatings, and 2) methods of varying the microporosity

during plasma spraying.

Alumina substrates were chosen for the initial plasma spray

studies. They were degreased in 1,1,1 trichloroethylene and then

rinsed in methyl ethyl ketone. The substrates were then mounted

14



in the fixture depicted in Figure 2.3 and grit blasted with 20

gamma alumina-3% titania grit at 65 psi with the nozzle 3 inches

from, and perpendicular to them. Substrates were removed from

the fixture, subjected to a jet of 100 psi clean, compressed air,

and degreased. Substrate surfaces were uniformly cratered.

*1 Top Clamp

Substrates (3)

Cl.m. .. ............ ' .... 1..T :
Aluminum Side Clamp

Spacer

Figure 2.3. Schematic Diagram of Fixture to Hold Substrates for
Plasma Spraying and Grit Blasting.

The substrates were again mounted in the fixture, three at a

time, and the fixture was clamped in the spray booth. Spray

coating was performed by Avalon Materials Technology (Harvard,

MA) using a Perkin Elmer-Metco MN plasma system rated at 40KW and

fitted with a 3MB hand-held gun. The powder was fed to the gun

with a Metco 4MP fluidized bed powder feeder set for spraying

fine ceramic powders.

The plasma spray gun was ignited and first used to preheat

the substrates to 2000 C to remove adsorbed contaminants. Surface

temperatures were measured using a Type K thermocouple with

digital readout. The coatings were applied by traversing hori-

15

-- - -- - -- - -- ---- - ---



zontally across the substrates at approximately 1 meter/sec and

indexing down approximately 1 cm per pass. Nominal spray condi-

tions are shown in Table 2.

Table 2
Parameters used in plasma spraying lanthanum hafnate.

a. argon 80 SCFH, hydrogen 17 SCFH
b. 70V dc, 500A DC
c. powder carrier gas: argon at 37 SCFM
d. powder feed rate: 90
e. powder port shaft: B
f. powder port: 2
g. feed hose: black
h. vibrator pressure: 20 psi
i. spray distance: 75 mm
j. siphon air: none

2H2.2 Plasma Spray Results

The very fine powder obtained by grinding tbe sinter (Sec-

tion 2.1, step 7a.) was difficult to spay and resulted in very

low coating efficiency. A fracture surface of a 35 um coating is

shown in Figure 2.4. The coating was tightly adherent and exhib-

ited very low porosity.

Fiqure 2.4 Cross-section of plasma sprayed La 2 Hf 2 O7 on A1 2 0 3 .

20OX
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The powder agglomerate described in Section 2.2, step 7b.

was sieved to several size fractions. Attempts to plasma spray

coatings using the coarse powder fraction (74 - 125 um) were

unsuccessful. Melting was incomplete and the powder did not

adequately adhere to the substrate

The medium powder size fraction (37 - 74 umn) performed well

during spraying. Very little fuming was observed, indicating

that the plasma was not too hot, the deposition efficiency was

acceptable, and much of the powder was melted during the spray-

ing.

Coated samples were cut in half and one-half of each was

heat treated in air at 16500 C. Most samples were cross-sec-

tioned, polished and examined. Some samples were simply frac-

tured before SEM examination.

A fracture cross-section of a 70 um thick coating prior to

heat treatment is shown in Figure 2.5. The microstructure shows

the typical laminar structure of a plasma sprayed coating paral-

lel to the substrate that results from scanning the plasma gun to

*" build up coating thickness. Figure 2.6 shows a polished cross

section of the same sample which has a porosity of 5 to 10%.

Figure 2.7 shows the surface of a plasma sprayed coating exhibit-

ing areas of melted material interspersed with some smaller -

possibly unmelted - particles.

17
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Figure 2.5 Fracý.ture cross section of a plasma sprayed lanthanum

hatnate coating on an alumina substrate.

L j___ _ _*1+

*,~L<~*% lz

Figure 2.6 Polished cross-section of a plasma sprayed lanthanum
hafrtate coating on an alumina substrate.

.1 18



Figure 2.7 Surface of plasma sprayed lanthanum hafnate coating.

Coating adhesion was measured by a pull test on a stud

epoxied to the coating surface (ASTM D 4641). A pull-off

strength of 3000 PSI was measured for the best coatings in the

as-deposited condition on alumina. Adhesion was also measured

after heat treatment and the pull-off strength increased to over

25,000 PSI. However, metallurgical cross sections revealed that

the alumina had reacted with the lanthanum hafnate at the inter-

face to produce a mixed oxide diffusion zone which probably

enhanced the adherence.

The extent to which the lanthanum hafnate pyrochlore struc-

ture forms from the mixed oxide powder feed during the brief

period of plasma spaying was established by x-ray diffraction

(XRD). Plasma sprayed coatings were examineu both before and

after heat treating to 1650 0 C and XRD scans are shown in Figure

2.8. Table 3 shows the d-spacings and calculated two-theta

19



values for hafnium oxide, lanthanium oxide and lanthanum hafnate

for copper K-alpha radiation (1.542A).

100- -

-- _Heat Treated to 1650 C

>, 75 -

I 
_ __-

N)50- --- a

E

- As-Deposited 4 -
L 

5 

A A -

25 26 27 28 29 30 31 32 33 34 35

Angle (2o)

Figure 2.8 X-ray diffraction pattern of plasma sprayed lanthanum
hafnate coating before and after annealing at 1650°C.

Table 3
Literature values for d-spacings and intensity of

hafnia, lanthana and lanthanum hafnate

Compound d (A) 20 1/10

HIO 2  3.15 28.34 100
2.82 31.73 100
2.59 34.64 60
5.07 17.49 20

La2 O3  3.27 27.27 100
2.00 45.34 40
2.83 31.61 35
4.62 19.21 10

La., H207 3.11 28.68 100
2.69 33.24 40
1.90 47.83 65
1.62 56.78 55
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There is an excellent natch of both peak position and in-

tensity for the heat treated coating with the published values

for lanthanum hafnate. (The 65% intensity peak at a two-theta of

47.80 was also observed at the proper location but is not shown

in Figure 2.8.) The as-deposited coating also exhibits the

lanthanum hafnate structure, except that the peaks are less sharp

and there is a small shift to higher two-theta angles. The shift

can likely be attributed to the very rapid cooling of the plasma

sprayed material which results in lattice strain.

2.3 Plasma Coating Lanthanum Hafnate on Irilium

In the duplex coating under development lanthanum hafnate is

the outer layer over the CAFRIB configuration. To determine the

feasibility of coating lanthanum hafnate on iridium, a C-C sample

coated with 5 um of iridium deposited from the molten salt elec-

troplating bath was plasma sprayed with a 70 um layer of lantha-

num hafnate. A photomicrograph is shown in Figure 2.9. The

lanthanum hafnate layer was well-bonded to the iridium.

-. . c .,j " .;

• ? • ,,• a..-

Figure 2.9 Cross-section of an iridium/lanthanum hafnate duplex
layer coating on a carbon-carbon composite.
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3. CAFRID INNER BARRIER LAYER

3.1 Carbon-Carbon Composite Material

Two-dimensional carbon-carbon composite was obt.ained in the

form of 3 mm thick sheets from Carbon Carbon Advanced Technolo-

gies (C-CAT) of Fort Worth, TX. The reinforcing material was

Amoco T-300 woven graphite fibers with a density of 1.76 g/cm3 .

Woven fibers occupied about 55 volume percent of the composite.

The char matrix, whose density was about 1.8 g/cm3, occupied 35

volume percent of the composite and 7 volume percent was void

space. Samples were cut with a fine blade saw to dimensions of .

cm x 1 cm x 0.3 cm, Cross-sections showed that portions of the

surface of the C-C were covered with a residual layer of about 5

um of char.

3.2 Preparation of Matrix-Free Zone

In order to form the CAFRIB barrier layer, it is first

necessary to prepare a matrix-free surface zone on the C-C. The

pyrolyzed carbon which makes up the matrix char is likely to be

more reactive to oxidizing agents than the graphite fibers. It

is, then, reasonable to assume that matrix can be selectively

removed from around fibers by oxidation reactions.

The oxidation must be highly selective so that, while matrix

is being removed, the graphite fibers remain virtually unat-

•I tacked. This will ensure that the reinforcing property of the

fibers are not undermined. Crocker and McEnaney (14) studied
failure of 2-D C-C which had been oxidized at 700 0 C and found a

decrease with weight loss of flexural strength and elastic modu-

lus. At 2% weight loss the flexural strength decreased by 9% and

the elastic modulus by 5%; at 6% weight loss the flexural
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strength decreased by 21% and. the elastic modulus by 11%. These

mechanical property degradations are more extreme than we be-

lieved was necessary since, at 7000 C, we observe both fiber and

matrix attack.

In this study three methods were examined to effect selec-

tive matrix removal: reactive ion beam etching, anodic oxidation

and thermal oxidation.

3.2.1 Peactive Ion Etching

Reactive ion etching (RIE) uses a plasma to remove material

from a surface through a synergistic combination of sputtering

and chemical reaction. The sample to be etched is charged with

DC or radio frequency in a vacuum chamber to form a plasma of

energetic electrons, ions and neutral species. Surface carbon

is removed by reaction to form CO and CO2 . The typical process

parameters used in this study are listed in Table 4.

TABLE 4
Conditions for Reactive Ion Etching of C-C

RF Frequency 13.56 MHz
RF Power 2-5 watts/cm
Pressure 10 mtorr
Gas Mixture 50-50 Argon-OxygenTemperature less than 1000C
Time 15 minutes

A photomicrograph of the surface of 2D C-C after REI is

shown in Figure 3.1. The bottom part of the sample was masked

during exposure. Two exposure times were used with the upper

region of the sample having the longer time. Only moderate

selectivity was observed between surface and fiber removal, Only

surface matrix was removed and microtexturing of the entire sur-

face, including fiber attack, was observed.
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Figure 3.1 Reactive ion etching of 2D carbon-carbon surface.

3.2.2 Anodic Oxidation

Anodic oxidation studies were carried out in 5-20 w/o sul-

furic acid solutions using current densities from 25-250 ma/cm2

and temperatures of 25-75°C. Some increase in reactivity was

observed at higher acid concentrations and temperatures but

current density was the most significant variable affecting

anodic oxidation. Figure 3.2 shows the approximate depth of

removal of matrix as a function of current density in 10 w/o

sulfuric acid at 5 0 0C. Although matrix is adequately removed,

attack also occurs on fibers and the fiber thickness is reduced

near to the solution interface.
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Figure 3.2 Char removal depth during anodic oxidation of C-C
in low/o sulfuric acid at various current densities.

It may be possible to find other electrolytes or conditions

which will be more selective for char removal but, since thermal.

oxidation proved a superior method, the anodic oxidation route

was abandoned.

3.2.3 Thermal Oxidation

Thermogravi ietric analysis (TGA) studies of C-C aiid bundles

of carbon fibers demonstrated the marked difference in the oxida-

tion rate of fiber compared with matrix. Preliminary isothermal

oxidation studies on composite at a temperature of 550 0 C showed

that matrix oxidation proceeds from the C-C surface inward with

no visible attack on fibers even after matrix removal to a depth

25

I• •". .... . ..... - - . . . .•._ , . . . ' -'i _-. . "= • _• -' •-:; - _• - -



of 20 fiber diameters, i.e., 120 um. The surface of a sample

before and after oxidation is shown in Figure 3.3. The intact

fibers after oxidation are seen in relief.

FM;

1 i

3..

Figure 3.3 Surface view of 2D carbon-carbon before and after
selective oxidation to remove surface char.
Actual magnifications are one-fourth of those shown.

The outermost surface layer of char (see Section 3.1) ap-

peared to be more refractory than the char within the composite

and retarded surface oxidation where it was present. It may be

that the outer char becomes partly graphitized during final resin
curing. in any case, it was considered expedient to sand the

outer surfaces to remove the char layer prior to oxidation.

A polyvariable statistical experimental design was used to

measure C-C oxidation rates and establish parameters for prepar-

ing surface zones free of char. Samples were exposed in air in a

I 12oratory furnace for periods of 10 to 70 minutes at temper-
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atures between 500 and 550 0 C. Figure 3.4 shows contour weight

loss plots as a function of time and temperature.

70

21

350}.--

*1 1
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Temperature (0C)

Figuia 3.4 Contour plot of the oxidation weight loss of carbon-
carbon as a function of time and temperature.

Oxidized C-C coupons were split open and epoxy resin impreg-

nated under vacuum to fill void spaces. Samples were then mount-

ed, polished and examined microscopically in cross-section. It

Ii1wssmtmes difficult to obtain- good contrast between the

mounting material and remaining char so that depths of char

removal were hard to assess. Electrodeposition of nickel into

the sample surface prior to resin impregnation enabled us to

obtain good contrast between void and remaining char. This also
ensured that the void depth measured was accessible to electro-

2"
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chemical metal impregnation so that the CAFRIS layer could be

formed to that depth.

Figure 3.5 shows the surface of a C-C composite oxidized for

530 0 C for 1 hour and impregnated with nickel. The depth of

nickel penetration ranged from about 4 to 7 fiber diameters, or

24 to 42 um, with an average depth of 30 um. Penetration tends

to be greater on the edges of a sample where fiber cross sections

intersect the edge. It may be that oxygen is able to penetrate

more readily longitudinally along fiber/char interfaces. On the

sample surface, areas where fibers cross at the weave tend to

oxidize more slowly, probably as a result of restricts(; oxygen

access to these areas.

"w I

Figure 3.5 CAPRIBI layer infiltrated with nickel.

Samples oxidized at various times and temperatures were

•,•I•infiltrated with nickel and the average depth of char removal was

S~measureK•. These data are presented in Figure 3.6.
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Figure 3.6 Depth of the char-depleted zone as a function of
weight loss.

Comparison of Figures 3.4 and 3.6 enabled us to establish

the relation between weight loss and penetration depth. For

example, the sample shown in Figure 3.5, whiich showed an average

penetration depth of 30 umn, had a weight loss of about 6 w/o.

A contour plot of depth of matrix char removal as a function of

time an2 temperature is shown in Figure 3.7.
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Figure 3.7 Depth of matrix chlar removal as a function of time
and temperature during oxidation in air.

The theoretical weight loss for the removal of char to a

specific depth can be calculated from the fiber and char densi-

ties and volume fractions given in Section 3.1. The theoretical

weight loss for a 30 um char-depleted zone is about 3 w/o. Since

the observed weight loss for 30 um depletion is 6 w/o, about half

of the weight loss is attributed to char oxidation below the

depleted zone. This could lead to some weakening of the com-

posite below the CAFRIB layer.

In order to devise a better oxidation protoccl whica did not

oxygen pressures and temperatures. Oxidation at reduced pressure

was found to be more selective for surface char removal without

substrate attack. A plot of weight loss vs. char depletion

during oxidation in 5 volume percent oxygen at 590 0 C is shown in

Figure 3.8. Oxidation at 590 0 C for 35 minutes gives a 30 um

30
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char-depleted zone at a weight loss of only 3 w/o which is,

within experimental error, identical to the theoretical value.

,* The low oxygen pressure protocol was, therefore, adopted for

*- preparing substrates for the CAJRID layer.

50-

40-

30-

20-

10-

01.
0 1 2 3 4 5

Weight Loss (%)

Figure 3.8 Matrix char removal as a function of weight loss for
oxidation in 5 volume percent oxygen at 590 0 C.

3.3 Electroohemical Impregnation

3.3.1 Previous Studies

In a previous study (2) Castle Technology demonstrated that

9 well-bonded iridium coatings could be electrodeposited onto

graphite from a molten salt bath. During the Phase I ONR program

"(N00014-91-C-0119) iridium deposition studies were extended to

include oxidized 2-D C-C composites. Figure 3.9 shows that

Ile penetration of iridium into oxidized C-C occurred to a depth of

only one or two fiber diameters. Coverage was non-uniform and

the surface was highly dendritic in some areas. During this

study efforts were made to increase iridium penetration and
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obtain a more uniform, le~s dendritic deposit.

41

Figure 3.9 Electrodeposited iridium on oxidized carbon-carbon.

3.3.2 Molten Salt Electrodeposition of Iridium

A schematic diagram of the apparatus used in the electro-

deposition of iridium from a molten salt is shown in Figure 3.10.

A 15 cm diameter quartz flask with a flange seal was mated to an

upper Pyrex section fitted with five ground glass tal 1.nts.

Electrodes entered the flask through two side joints stir-

rer, gas sparge line, and thermocouple well (not shol ir

through larce center Juints. The el.ectrolytic cell w, ted by

a resistance furnace. 6M NaOH solution was used to scruý_ :lo-

rine gas from the system prior to venting.
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Figure 3.10. Schematic diagram of apparatus for Iridium Plating.

The molten salt composition is that reported by Saltykova

et. al. (17) and consists of NaCI, KCl, CsCI and IrCl 3 in the

molar ratio 30: 24.5: 45: 0.5. The mixture is extremely hygro-

scopic and oxide hydro]ysis products are known to have deleteri-

ous effects on iridium deposition. Prior to electrodeposition,

the melt was purified by passing chlorine gas through it to

remove oxides by reaction to form volatile oxy-chlorides.

Electrodeposition was performed at a temperature of 575-

590 0 C and a current density of 10-30 mA/cm2 . A pyrolytic graph-

ite rod was used as the anode. Iridium chloride was added to the

molten salt bath as required to replenish the metal removed by

plating so as to maintain an adequate iridium ion concentration.

The bulk of the studies were performed on C-C which had been
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oxidized in a time-temperature regime sufficient to produce a

char-depleted zone of 20-30 um.

Initial deposition studies confirmed the difficulty in

filling the internal CAPRIB zone. During electrodeposition,

there is a competition between exterior and interior fibers for

metal deposition. As deposition proceeds, electrolyte in the

char-depleted interior zone becomes impoverished in iridium ions

more quickly than electrolyte at the exterior fiber/electrolyte

interface which has ready access to fresh electrolyte. Internal

deposition ceases when the surface iridium deposit bridges over

and prevents access of fresh iridium-rich electrolyte to the

interior fibers.

Electrolyte baths with good throwing power, such as the

nickel Watts bath, are able to fill the CAFRIB zone with metal

before bridging over (see Figure 3.5). Unfortunately, the iridi-

um molten salt bath did not function in this manner.

Another reason that could account for the inability of

iridium to fill the interior region is that electrolyte does not

readily wet the carbon fibers and, therefore, does not fill the

open fiber structure in the surface layer. To evaluate wetting,

solidified electrolyte was placed on a C-C surface in a furnace

and observed as it melted. The molten salt formed a spherical

droplet on the C--C surface indicating that little wetting oc-

curred.

In an affort to improve penetration of electrolyte into the

open carbon fiber weave, the electrodeposition cell was evacuated

prior to immersing the C-C cathode into the molten salt bath.

This would remove air from the char-depleted zone and could allow
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A 3.3.3 2kqueoug Deposition of Iridium

No aqueous electroplating bath is commercially available for

the deposition of iridium. During the 1960's several investiga-

tions were reported on plating iridium from aqueous solutions.

Some success was achieved using baths based on chloride-sulfamate

(16), bromide (17), and chloroiridates (18). Although deposit

A • thicknesses of up to 25 um have been reported, deposits thicker

* than a few micrometers are highly stressed and cracked.

Attempts were made to improve the quality of the electro-

plate obtained from the bromide and sulfamate baths. Bath con-

centration, temperature and PCR techniques were investigated. A

cross-section of an iridium deposit from an aqueous bromide bath

is shown in Figure 3.12.

LI

Figure 3.12 Cross-section of an iridium deposit on oxidized
carbon-carbon. Note: Some fibers have broken loose
and extend out from the surface.

i Although penetration of iridium into the CAFRIB zone may be

I adequate, the surface of all samples were highly cracked as shown
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I in Figure 3.13. The high radius of curvature of the carbon

fibers presents a partic~iarly difficult substrate~on which to

build a strained el~actrodeposit as is seen Ain Figure 3.14.

*1140

Figure 3.13 Surface of an iridium electroplate from an aqueous
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Figure 3.14 Aqueous iridium electroplate on an individual carbon
fiber.

3.3.4 Aqueous Deposition of Rhodium

Commercial aqueous electroplating baths are available for

the deposition of rhodium. Although the carbon-rhodium eutectic

at 1694 0 C (19) limits the usefulness of any rhodium based coating

to that temperature, the CAFRIB concept could be more readily

investigated using rhodium electroplates. An electroplating bath

based on rhodium sulfate was obtained from Technic, Inc. (Provi-

dence, RI).

Efforts to form a rhodium CAFRIB layer were made using

samples which were oxidized to form a char-free zone of about 30

um. The results using conventional DC plating techniques are

shown in Figure 3.15. Bridging over of the deposit occurred

after penetration of only the topmost layer of fibers.
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Figure 3.15 Cross-section of a DC rhodium plate from an aqueous
electrolyte on oxidized carbon-carbon.

PCR techniques were then explored to improve rhodium pene-

tration. A variety of pulse forms for both deposition and disso-

lution were explored. The best results were obtained using the

schedule shown in Figure 3.16.

SniMe" off

A mniec on

lag Peak Dplating Current 0.38 MAJCMA2

'1f,

V
Figre3.1 Shemti digrm o priodaic 100 anealtin revrsle

protocol used in electrodepositing rhodium onto
oxidized carbon-carbon.
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Using this procedure we were able to fill the CAPRIH zone

from the inside out. Figure 3.17 shows the sequence of rhodium

electrodeposits as a function of deposition time.

II ~ "4 N6 , •"

Figure 3.17 Filling of the CAPRIB zone in oxidized carbon-carbon
composite with electrodeposited rhodium.

During the early stages only the innermost layers of the

CAYRIB zone are filled. In the middle stages the CAFRIB zone is
entirely filled but there is no external rhodium layer. In the

final stage the CAYRIB zone is filled and covered with an exter-

nal rhodium plate ot 20 um. The ability to obtain thick coatings

of rhodium on individual fibers is shown in Figure 3.18 where
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6 um fibers protruding from the surface have been plated to a

total thickness of about 20 um.

Figure 3.18 Rhodium electroplate on individual carbon fibers.

3.3.5 Duplex Rhodium/Iridium Barrier

The ability to infiltrate the CAFRIB zone with rhodium

suggested liat, by forming a duplex rhodium/iridium layer and

diffusion annealing, the CAFRIB zone could be made to contain a

rhodium-iridium solid solution alloy. This would r-ise the tem-

p'atu-e of operation of the coating to the liquidus te•ierature

in the iridium-rhodium-carbon ternary phase diagram at the appro-

priate iridium/rhodium ratio. For example, for a 501r-50Rh

alloy, the carbon eutectic is reported to be 1932 0 C (1.9).

Samples which had been infiltrated with rhodium but had no

external coating were made cathode in the iridium molten salt
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plating bath and electrodeposition was attempted. Examination of

these samples indicated that in many areas the infiltrated rhodi-

um had dissolved in the molten salt bath. The external iridium

layer was patchy and there were areas of uncoated C-C.

When samples which had been both infiltrated with rhodium

and overplated with an external rhodium deposit of 20 un were

plated, a successful iridium deposit was obtained as shown in

Figure 3.19.

A + .,

P 4

Figure 3.19 Surface of iridium deposited from molten salt onto
rhodium-filled and overplated CAFRIB.

4. THERMAL CYCLING STUDIES

A major feature of the CAFRIB concept is the ability of

carbon fiber reinforcements in the iridium barrier layer to

absorb the stresses during thermal cycling which result from the

large differences in CTE of carbon and iridium. Since we were
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not successful in preparing the CAPRIB configuration with iridi-

um, but were able to prepare the rhodium analog, it was prudent

to attempt to test the concept with rhodium.

Samples were prepared by infiltrating rhodium to a depth of

30 um into oxidized C-C to form the CAPRIB configuration. Control

samples were made by depositing rhodium onto C-C whose surface

had been polished to remove the outer char layer. Samples were

thermally cycled in an atmosphere of high purity titanium-get-

tered argon to 1400 0 C or 1600 0 C at a heating rate of 20°C/min and

cooled at 150 C/min to 800°C after which the furnace power was

turned off.

Figure 3.20 shows the surface of the control sample which

had only an external rhodium deposit after cycling to 1600 0 C.

The rhodium coating was highly cracked and in many areas the C-C

substrate was visible.

"44

Figure 3.20 Surface of rhodium plated carbon-carbon control
sample thermally cycled to 16000 C.
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Figure 3.21 shows the surface of C-C with a CAPRIB layer

which has been cycled to 1600 0 C. Coating adherence was much
J

superior to that observed on the control sample although cracking

was observed in some areas. Small holes in the rhodium seen at

high magnification may be the result of an iron impurity from the

furnace which was identified in the coating by SEM.

Figure 3.21 Surface of rhodium-filled CA"RIB thermally cycled
to 16000 C.

A cross-section of a sample thermally cycled to 1400 0 C is

shown in Figure 3.22. Much of the rhodium in the CAPRIB zone has

pulled away from the carbon fibers and either spheridized to

small rhodium globules within the CAFRIB zone or migrated outward

to join the external coating. It is reasonable to conclude that

rhodium does not wet the carbon fibers enough to prevent surface

tension forces from destabilizing the carbon fiber reinforced

rhodium matrix. To successfully thermal cycle a rhodium CAPRIB
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part, it will be necessary to find a means to promote wetting of

carbon fibers by rhodium.

Figure 3.22 Cross section of rhodium-filled CAFRIB after thermal
cycling to 1400 0 C.
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5. CONCLUBIONS

1) Lanthanum hafnate coatings of controlled porosity have been

applied to iridium and rhodium by plasma spraying a co-precipi-

tated powder mix of lanthanum and hafnium oxides.

2) Matrix char has been selectively removed by controlled oxida-

tion from the surface of 2D carbon-carbon composites. Undamaged

matrix-free woven carbon fiber surface layers have been produced

to a controlled depth of 10 to 100 micrometers.

3) Iridium has been electrochemically deposited from a molten

salt electrolyte onto an oxidized carbon-carbon composite but

does not penetrate into the open surface layer.

4) Iridium has been electrodeposited from an aqueous electrolyte

and penetrates into the open surface zone but, because of the

7 large strain in the electrodeposit, deborids from carbon fibers

and forms surface cracks.

5) Rhodium has been electrodeposited from an aqueous electrolyte

using periodic current reversal techniques to successfully fill

the open surface layer and form a crack-free, adherent CAFRIB

coating.

6) Rhodium CAYRIB coatings which were thermally cycled to 1400°C[ and 1600 0 C exhibit greatly improved adherence and crack resist-

ance compared with samples which were only overplated with rhodi-

um.

7) The CAFRIB rhodium coating destabilizes at high temperature

due to the non-wetting of carbon fibers by rhodium. Globules of

rhodium form within the zone and some rhodium migrates to the

outer layer.
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